The RAD3 gene of Saccharomyces cerevisiae is required for excision of pyrimidine dimers and is essential for viability. We present the nucleotide sequence of the RAD3 protein coding region and its flanking regions, and the deduced primary structure of the RAD3 protein. In addition, we have mapped the 5' end ofRAD3 mRNA. The predicted RAD3 protein contains 778 amino acids with a calculated molecular weight of 89,779. A segment of the RAD3 protein shares homology with several adenine nucleotide binding proteins, suggesting that RAD3 protein may react with ATP. The twenty carboxyl terminal amino acids of RAD3 protein are predominantly acidic; however, deletion of this acidic region has no obvious effect on viability or DNA repair.
INTRODUCTION
In the yeast Saccharomyces cerevisiae, excision of pyrimidine dimers or interstrand DNA crosslinks requires a large number of genes -RAD1, RAD2,RAD3, RAD4, RADIO, MMS19,RAD7,RAD14,RAD16, and RAD23 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . A mutation in any of the first six of the ten genes listed results in highly defective incision of DNA containing pyrimidine dimers (13, 14) or interstrand DNA crosslinks (8, 11, 12) , while a mutation in RAD 14, produces reduced incision proficiency compared with the Rad + strain (9, 13) . The RAD3 gene has been cloned and partially characterized (15, 16) . Previously, we had localized the RAD3 gene to a DNA fragment of approximately 2.6 kb, and identified a 2.5 kb RAD3 mRNA and determined its direction of transcription (15) . By integrating plasmids containing different internal fragments of the RAD3 gene in the yeast chromosomal RAD3 site, we, and others, deleted part of the RAD3 gene and found these deletions to be recessive lethal (15, 17) , indicating that RAD3 plays an essential role in cellular processes in addition to incision of damaged DNA. This finding is in contrast to the effect of radl, rad2, and radio deletions or disruptions, which are viable (18) (19) (20) (21) and suggests that the RAD3 gene plays a more complex role in vivo than do these other genes involved in incision of pyrimidine dimer-containing DNA.
In this paper, we have mapped the 5' end of the RAD3 mRNA and determined i IRL Press Limited, Oxford, England.
the nucleotide sequence of 3383 bp oiRAD3 region DNA. The 5' mRNA end maps 117 nucleotides upstream of the first translation initiating ATG codon. The coding region oiRAD3 is 2334 nucleotides long, which encodes a protein of 778 amino acids, with a calculated molecular weight of 89,779. The carboxyl terminal region of the RAD3 protein is highly acidic: the last 20 amino acids contain 12 acidic and 1 basic residue, including 7 consecutive acidic residues. The RAD3 gene deleted for the acidic carboxyl terminus in plasmid pSP6 restores wild type levels of viability and ultraviolet light resistance to a yeast strain lacking the entire chromosomal RAD3 gene. The RAD3 protein contains a sequence similar to the consensus sequence that has been identified in the Esckerichia coli UvrD, RecA, and DnaB proteins, and in several other adenine nucleotide binding proteins, and which may be involved in ATP binding.
METHODS

Mapping the 5' mRNA Terminus
The 5' terminus of the RAD3 transcript was mapped by a modification (22) of the Berk and Sharp method (23) , using SI nuclease and a 5' end-labeled singlestranded DNA probe. A Kpnl-HindUI fragment from the 5' end of the RAD3 gene ( Fig. 1 ) was dephosphorylated by bacterial alkaline phosphatase, and labeled with [ Y- After heating to 100°C for 2 minutes, the mixture was incubated at 45°C for 5 to 6 hours, then 190 pi of Si buffer (0.28 M NaCl, 0.05 M NaOAc, pH 4.6,0.0045 M ZnSO4 aQ d 2 ug/ml denatured salmon sperm DNA) containing 1 unit/yl SI nuclease was added. The nucleic acids were digested for 1 hour at 15°C, then 37 pi of 0.4 M NH4OAC, 0.1 M EDTA containing 40 ug tRNA was added to stop the reaction. The protected DNA-RNA fragment was ethanol precipitated, resuspended in sequencing stop buffer (98% formamide, 10 mM EDTA, and 0.3% each of xylene cyanol and bromophenol blue), denatured, and fractionated on 8 M urea/5.3% polyacrylamide DNA sequencing gels along with Sanger dideoxy sequencing reactions containing known DNA sequences as standards. Sequencing Strategy DNA fragments of various lengths were obtained by digestion with restriction enzymes having either a 4 base or 6 base recognition sequence (Fig. 1) (26) .
RESULTS
Isolation of the 3' Terminus of the RAD3 Gene
We had previously localized the rad3 complementing activity in plasmid pSP6 within a DNA fragment extending from the Kpnl site at the 5' end to the Sau3A site, at the fusion junction of the RAD3 insert with the plasmid pBR322, at the 3' end ( Fig. 1 and ref. 15 ). The nucleotide sequence of this entire DNA fragment did not reveal any termination codon in the putative RAD3 open reading frame. A termination codon occurs downstream, following 17 in-frame codons in pBR322. Presumably, the pSP6 encoded RAD3 protein contains 17 amino acids at the carboxyl end, encoded by pBR322 DNA. To obtain the missing portion, we cloned the 3' end of the RAD3 gene by integration-excision, as illustrated in Fig. 2 . Plasmid pSP27, containing the 3.2 kb EcoRI RAD3 region DNA fragment of pSP6 inserted into plasmid YIp5, which transforms yeast only by integration via homologous recombination (27) • -GATCGATC Figure 3 . Mapping the 5' terminus of the RAD3 transcript by SI nuclease. The 5' terminus of the RAD3 transcript was mapped by the Si nuclease protection method using the 720 bp Kpnl-HindSE 5' end-labeled fragment (Fig. 1) . +• and -lanes indicate the addition of poly (A) + RNA or its omission, respectively, in the hybridization to the 5' end-labeled probe prior to treatment with SI nuclease and fractionation on a DNA sequencing gel. The position of the protected DNA fragment is indicated by the arrow. 2390  2400  2410  2420  2430  2440  2450  2460  2470  2480  AGCCGCAAGAGAATGTTATATATTGAAATCCAnCGAnATCCAGGACTAAACAATGATTTTATTTCACATTTATTTCAAAGGACAACTCTTT   2490  2500  2510  2520  2530  2540  2550  2560  2570  ATCTGCGTCAAGATATGAATCACAGACACACCAAATTGTTAAGTTATGTTTACCAGATGTCGGAGTGTCAAAnCCAAnCATAnGCTGAGT   2580  2590  2600  2610  2620  2630  2640  2650  2660  CTCTTTATTTAAAGTAACTTTCTTGATCGCATAAAGCTCTTnnAGATACTTCACCTAAAACCAACCACCAACTTTCTAGCnATCAAACGG   2670  2680  2690  2700  2710  2720  2730  2740  2750 Hindm, +242 to + 247;BamHI, +441 to + 446;PstIat +884 to +889 and at +1283 to +1288;Bg/II, +942 to +947; £coRI, + 1918to +1923; and the Sau3A site at + 2257 to +2260, the site of the fusion of RAD3 region DNA with the pBR322 sequence in plasmid pSP6.
given in Fig. 1 .
5' End Mapping of RAD3 mRNA
The 5' end of the RAD3 mRNA was mapped by SI nuclease digestion of hybrids between mRNA and the 5' end-labeled 720 bp Kpnl-HindJH DNA fragment from the 5' end of the gene (Fig. 1) , and sizing of the protected DNA fragment on an 8 M urea/5.3% polyacrylamide DNA sequencing gel. A protected fragment of 364 nucleotides is observed (Fig. 3) , indicating a transcriptional start located at 117 nucleotides upstream of the first ATG codon in the RAD3 open reading frame (Fig. 4) .
Sequence of the RAD3 Gene and Protein
The strategy employed for determination of the nucleotide sequence is given in Fig. 1 . The nucleotide sequence of the DNA strand of the RAD3 gene identical to the mRNA strand is shown in Fig. 4 . There is only one long open reading frame within the rad3 complementing DNA fragment, which starts with the ATG at +1 and continues for 2334 nucleotides until the termination codon TGA. Experiments with initiation mutants of the yeast CYC1 gene (29) and mutational studies in the yeast HIS4 gene (30) indicate no particular requirement for a specific sequence 5' to the initiating ATG codon and that initiation of translation occurs at the first ATG codon closest to the 5' terminus of the mRNA. Therefore, the initiating ATG codon of the RAD3 gene is most likely to be the one as indicated in Fig. 4 . The size of this open reading frame is consistent with the size of the 2.5 kb RAD3 mRNA (15) . Evidence for the correct identification of the RAD3 open reading frame comes from RAD3-lacZ fusions. The E. coli lacZ gene, missing its promoter and the first 7 amino acids, was fused with the RAD3 gene in the BamHI site at + 441 to + 446 and also at the BglB. site at +942 to +947. These fusions connect the E. coli lacZ gene in the same reading frame as the RAD3 open reading frame and produce pgalactosidase in yeast (31) , indicating that the RAD3 open reading frame is translated. The predicted RAD3 protein contains 778 amino acids with a molecular weight of 89,779.
Codon Usage in RAD3
The amino acid sequence encoded by the RAD3 open reading frame contains 40.7% nonpolar, 29.4% polar, 15.3% acidic and 14.5% basic amino acids, which represents a random distribution of the four classes of amino acids. The base composition of the open reading frame is 33.6% A, 29.3% T, 20.4% G, and 16.7% C, and that of the wobble position is 35.0% A, 34.3% T, 17.2% G, and 13.5% C. Codon usage, and the amino acid composition are given in Table 1 . In RAD3 all of the 61 codons are used. This is in striking contrast to the highly expressed genes of S. cerevisiae such as alcohol dehydrogenase I and glyceraldehyde 3-phosphate dehydrogenase, which show extreme codon bias and in which 96% of the amino acid residues are encoded by only a select 25 of the 61 possible coding triplets, and these preferred codons correspond to the anticodons of the major isoacceptor tRNA species of yeast (32) . In RAD3, the UUC phenylalanine, UUG leucine, UAC tyrosine, AAG lysine, and GAC aspartic acid codons, which correspond to the major tRNA isoacceptor species in yeast, are not used as often as the other codons for these amino acids; in contrast, the GAA glutamic acid and AGA arginine codons, which correspond to the major isoacceptor tRNA species of yeast, are used quite frequently. Overall, codon usage in the RAD3 gene would indicate this gene not to be a highly expressed one.
5' and 3' Flanking Sequences of the RAD3 Gene
The 480 nucleotides 5' to the RAD3 initiating codon show an overall base composition of 34.4% A, 32.1% T, 17.1% G, and 16.5% C, similar to that in the open reading frame. In higher eukaryotes, the "TATA" box with the consensus sequence A A 5'-TATA A -3' is usually found 26 to 34 bp upstream of the site of initiation of T T transcription (33, 34) and is apparently required for proper positioning of the mRNA start at a specific site by RNA polymerase II (35) (36) (37) (38) . In many yeast genes examined thus far, the distance between the mRNA start site and the TATA-like sequence is not as rigid as it is in higher eukaryotes, but varies considerably, being about 100 bp and 150 bp in the PYK1 gene (39) , 100 bp in the ADH1 gene (32) , and 39 bp in the HIS4 gene (30) . The RAD3 gene has a TATATTA sequence at -248, and a TAT AT sequence at -214, placing their distance from the mRNA start site at 125 and 93 bases, respectively. The sequence TAAATAA is found in tandem repeat at locations -141 and -134, and is followed by the sequence AT repeated six times. A number of yeast genes that encode abundant mRNAs seem to have their transcription start sites at or very near the sequence CAAG and a CT rich block is usually found upstream of the CAAG sequence (32, 39, 40) . In the RAD3 gene, there is no CT rich block nor a CAAG sequence in the vicinity of the mRNA start site.
It has been suggested that efficient initiation of translation in eukaryotes depends on a purine residue, usually an A, at position -3 relative to the initiating ATG codon (40, 41) . The -3 position of the RAD3 gene is occupied by an A residue. Downstream of the ATG, a purine at position +4 (41) hasbeen implicated as playing a role in the efficiency of initiation of translation, while Dobson et al. (40) suggest that efficient initiation in yeast depends on a pyrimidine, usually T, at position + 6. The RAD3 gene has an A at +4, but a Gat +6.
The 566 nucleotides downstream of the TGA termination codon contain 32.0% A, 33.6% T, 14.8% G, and 19.6% C. In the 3' noncoding region of the mRNAs of higher eukaryotic genes, the sequence AATAAA is present about 20 nucleotides upstream from the 3' end of the mRNA (37, 42) , and has been postulated to be necessary for polyadenylation (43) . Many of the sequenced yeast genes contain a A sequence related to the model sequence TAAATAA approximately 28 to 33 G nucleotides upstream from the 3' mRNA terminus (32). Zaret and Sherman (44) have identified another consensus sequence, TAG TAGT or TATGT.. (A-T rich) ..TIT... in the 3' mRNA region of various yeast genes, whereas Henikoff et al. (45) have suggested that the sequence TTTTTATA is required for transcription termination in yeast. No sequences similar to the above mentioned ones exist in the 3' region of the RAD3 gene. However, various AT-rich stretches exist in the 3' noncoding region. In vivo function of the acidic carboxvl terminus of RAD3 protein
The carboxyl terminal region of the RAD3 protein is highly acidic; the sequence of the last 20 amino acids has 12 acidic and only 1 basic residue, and 7 of the acidic residues, from residue 768 through 774, are present in tandem (Fig. 4) . The RAD3 DNA fragment in plasmid pSP6, which fully complements the UV sensitive rad3-2 mutation (15), is missing the last 25 amino acid codons of the RAD3 gene, and in the RAD3 protein coded by the plasmid pSP6, these residues are presumably replaced by the pBR322 encoded sequence of 17 amino acids: Pro-GlnAsp-Gly-Cys-Gly-Arg-His-Asp-Arg-Val-Val-Asp-Ser-Gly-Ser-Lys. The last 25 RAD3 encoded amino acids contain 12 acidic and 1 basic residue including 7 consecutive acidic residues (Fig. 4) , while the last 17 amino acid residues encoded by the pBR322 sequence in plasmid pSP6 have only 3 acidic and 4 basic residues. However, these observations give no indication about the function of the acidic carboxyl terminal region in the RAD3 protein. RAD3, in addition to its function in DNA repair, is also required for viability (15, 17) . Since rad3-2 mutants are viable but defective in excision repair, the rad3-2 mutant protein is defective in the DNA repair but not in the viability function. Complementation of the rad3-2 mutation by the RAD3 DNA fragment in plasmid pSP6 only indicates that the RAD3 protein missing the last 25 amino acids can supply the DNA repair activity that is absent in the rad3-2 protein.
For determining the function of the acidic carboxyl terminus of RAD3, we used a yeast strain in which the entire genomic RAD3 gene was deleted by the gene replacement method (46) , as shown in Fig. 5 . The 3.2 kb RAD3 DNA that contains the entire amino acid coding region, plus 365 nucleotides upstream and 468 nucleotides downstream of the coding region, was replaced with the LEU2 gene. The DNA fragment containing the LEU2 gene and the flanking RAD3 region sequences was used for transformation of a RAD3lrad3 -2 Ieu2/leu2 diploid strain to Leu + and transformants screened for UV sensitivity (Rad'). The Leu Leu' spores. To examine if the RAD3 acidic carboxyl terminus affects cell viability, we transformed the LEU2 rad3-blrad3-2 Ieu2/leu2 diploid with either the multicopy autonomously replicating plasmid pSP6, in which the acidic carboxyl terminus is deleted, or the plasmid pSP32, which contains the entire RAD3 gene. Plasmid pSP32 was constructed by cloning the 4.0 kb Sail fragment containing the 2 u circle sequences from plasmid YEpl3 into plasmid pSP29 (Fig. 2) . The transformed diploids were sporulated. In both cases, genetic analysis of 200 random spores and 20 tetrads yielded both Leu + and Leu" spores, indicating that, like plasmid pSP32, plasmid pSP6 can rescue rad3-A spores. The growth rates of the haploid rad3-A strain bearing either pSP6 or pSP32 were similar to that of the wild type (Rad + )
haploid strain. The UV survival of the haploid rad3-A strain containing either plasmid pSP6 or plasmid pSP32 was similar to the Rad + haploid strain (Fig. 6 ). We have compared the amino acid sequence of the RAD3 protein with the E. coli UvrC and UvrD protein sequences (48, 49) . The UvrC protein, along with the UvrA and UvrB proteins, functions in the incision step of excision repair. No significant homology was evident between the RAD3 and the UvrC proteins. The UvrD protein is involved in excision repair (50) (51) (52) , recombination (53), methyl directed DNA mismatch repair (54) , and possibly DNA replication (55) , and it possesses a single stranded DNA dependent ATPase and ATP dependent DNA unwinding activity (56) . The amino acid sequence of the RAD3 protein from residue 40 to 61 and of the UvrD protein from residue 27 to 47 resemble each other in 8 residues (Fig. 7) . This region of the UvrD protein contains the conserved consensus sequence I/V/L-X-A/G-X-X-X-X-G-K-T-X-X-X-X-X-X-I/V, that has been identified in a number of adenine nucleotide binding proteins -RecA, DnaB, Rho, thymidine kinase, ATPase B, ATPase a, AMP kinase, and myosin (49, 57) . The RAD3 protein has a similar sequence in this region which differs from the consensus sequence in having methionine in the third position rather than alanine or glycine, and the last conserved amino acid isoleucine is at a position following 7 rather than 6 residues after the conserved threonine residue at position 10. The RAD3 and UvrD proteins also contain 4 identical amino acid residues not included in the conserved consensus sequence. Fusions of the RAD3 gene with a strong yeast promoter should facilitate the purification of the RAD3 protein which could then be characterized for various activities including DNA dependent ATPase and ATP dependent helicase.
To examine the ire vivo function of the acidic carboxyl terminus of RAD3, we constructed a diploid strain in which the entire RAD3 amino acid coding region and the 5' and 3' noncoding sequences were deleted from one of the chromosomes, while the other homologue carried the rad3-2 mutation. Sporulation of this diploid gave only rad3-2 spores, since rad3-b spores are inviable. In plasmid pSP6, the last 25 amino acid codons from the RAD3 carboxyl terminus are replaced by 17 amino acid codons of pBR322, thereby changing this from a highly acidic to a slightly basic region. We observed that plasmid pSP6 could rescue the rad3-A spores, indicating that the highly acidic carboxyl terminus is not essential for viability. Moreover, the growth rate and UV survival of rad3-A strains harboring plasmid pSP6 were similar to the Rad + strains. Even though our observations do not demonstrate an essential function for the acidic carboxyl terminus, we cannot conclude that this region has no role. It could be that the function of the missing RAD3 acidic region is carried out by other protein(s) which also contain similar acidic regions. In that case, deletion of the acidic region from any one protein may have no effect, but deletions from more than one protein could produce adverse effects.
The RAD6 gene of S. cerevisiae, which is required for DNA repair, induced mutagenesis, and sporulation, and which belongs to a different epistasis group than the RAD3 gene, also encodes a protein with a very highly acidic carboxyl terminal region. The last 23 amino acids of the 172 residue long RAD6 protein contain 20 acidic amino acids, including 13 consecutive aspartate residues (58) . The chromatinassociated high mobility group proteins HMG-1 and HMG-2 from calf thymus also contain a long block of acidic residues in the carboxyl region (59) . The acidic carboxyl terminal regions of the RAD3 and RAD6 proteins may be involved in binding to histones or to basic regions of other interacting proteins.
